Terahertz radiation (T-ray), which occupies a large portion of the electromagnetic spectrum between the infrared and microwave bands, offers innovative imaging and sensing technologies that can provide information not available through conventional microwave and X-ray techniques.
The target sample is mounted on a rotation stage, which allows it to be rotated and a two-dimensional (2D) THz image is obtained at each projection angle. The data can then be processed using the filtered backprojection algorithm to reconstruct the refractive index and absorption coefficient at every position within the sample volume by inverting the Radon transform:
T-ray imaging has several advantages when compared to other sensing and imaging techniques. While microwave and X-ray imaging modalities produce density pictures, T-ray imaging also provides spectroscopic information within the terahertz (THz) frequency range. The unique rotational, vibrational, and translational responses of materials (molecular, radicals, and ions) within the THz range provide information that is generally absent in optical, X-ray and NMR images. T-rays can also easily penetrate and image inside most dielectric materials, which may be opaque to visible light and low contrast to X-rays, making T-rays a useful and complementary imaging source in this context.
where P is the measured projection data, θ is the projection angle, l is the horizontal offset of the projection from the axis of rotation, and f(x, y) is the projected slice of the sample that we wish to reconstruct. The Radon transform assumes a shadow model and it neither considers diffraction effects nor does it account for the direction dependent Fresnel loss encountered in T-ray CT. The measured data is assumed to be a simple line integral. This reconstruction algorithm can be guided to reconstruct a number of features from the measured data depending on the desired application.
Since the first imaging with T-rays was reported in 1995 [1] , various T-ray imaging modalities for numerous applications have been proposed, developed and demonstrated . They include electro-optic imaging, near-field imaging, tomographic imaging, and dark-field imaging.
T-ray computed tomography (CT) is a new tomographic imaging modality using pulsed terahertz radiation with novel computer-reconstruction algorithms [39] . T-ray CT extends THz imaging to enable the mapping of three-dimensional (3D) structure objects. It provides sectional images of objects in an analogous manner to conventional computed tomography techniques such as X-ray CT. T-ray computed tomography directly measures the transmitted amplitude and phase of broadband pulses of THz radiation at multiple projection angles. The filtered back-projection algorithm then allows a wealth of information to be extracted from the target object including both its 3D structure and its frequency dependent far-infrared dielectric properties.
THz pulses are generated using ultrafast lasers. The most commonly used ultrafast lasers are mode-locked Ti:sapphire lasers. A typical laser outputs pulses of 800 nm (near-infrared) of light with a pulse width of 100 femtoseconds. The laser pulses trigger a photocurrent in a GaAs photoconductive antenna, which results in the emission of broadband pulses of THz radiation. The THz radiation is then focused and transmitted through the target. After transmission, it is collected using mirrors and focused onto a ZnTe electro-optic (EO) detector crystal.
The data acquisition speed is an important concern in all THz imaging systems and it is of particular concern for T-ray CT where multiple images of the object must be obtained. For this reason a linearly chirped optical probe beam is used for EO detection of the THz pulses [7] . By using this technique the full THz waveform is measured simultaneously, dramatically accelerating the imaging speed. The target is then raster scanned in x and y dimensions to form a 2D image. This technique is still quite time consuming; a typical image size of 100x100 pixels measured at 18 projection angles can take many minutes. Fortunately, there are several methods available to improve this speed. Performing 2D THz imaging with a high speed CCD camera (1825 frames/second) may potentially reduce the acquisition time to a few seconds! x y Radon transform
Fig. 1. Illustration of T-ray computed tomography. The target is scanned in the l dimension and rotated. The detected signal is the line integral of the complex impedance (attenuation and phase) of the target. In this way, the spatial (x, y) domain is mapped to the domain (θ,l).
The reconstruction of the 3D object from the measured projection data is performed using mathematical inverse algorithms. T-ray CT borrows algorithms from the wellestablished field of X-ray CT. The filtered backprojection algorithm has long been the workhorse in this domain. It is used to invert the Radon transform to reconstruct the object of * Hot Topic, IEEE/LEOS News Letters, 2002 interest. For T-ray CT, the detected THz signal is approximated by a line integral of the form where P d (θ, t) is the detected THz signal at a projection angle θ and a horizontal offset from the axis of rotation l. P t is the incident THz signal, L is the straight line between the source and detector, ω is the THz frequency and n(x) is the unknown complex refractive index of the sample. The filtered backprojection algorithm is then used to compute n using the measured projection data. This method contains a number of implicit assumptions that are only approximately valid, but it serves to accurately reconstruct the simple samples that we have considered and demonstrates the power of this imaging technique. Fig. 3 . Reconstructed THz image of the polyethylene "S" shape using the timing of the peak of the THz pulse.
To demonstrate the feasibility of 3D reconstruction, a hollow dielectric sphere was imaged using a 1 mm step size and 18 different projection angles. The amplitude of the THz pulse for each projection was used to reconstruct the sphere as can be seen in Figure 4 . The basic shape of the sphere and the affixed plastic rod is clearly visible. The filtered backprojection algorithm assumes that diffraction effects and Fresnel losses can be neglected. This is valid for targets with features that are large relative to the wavelength of the THz radiation (0.3 mm at 1 THz). However, for complex targets with fine structure, the filtered backprojection algorithm is unable to accurately reconstruct the target because diffraction effects dominate the measurements.
Unlike traditional X-ray CT, which only measures the amplitude of the transmitted radiation, T-ray CT measures the transmitted pulse shape. This allows more information about the sample (such as spectroscopic data) to be recovered. The reconstruction algorithm can be performed using a number of parameters extracted from the measured data. The amplitude of the THz pulse and the timing of the peak of the pulse are prime examples. If the amplitude is used, the reconstructed image provides a 3D image dependent on the bulk absorption of the sample in the far-infrared. Using the timing (or phase) will reconstruct a 3D refractive index map of the sample. Ultimately, full reconstruction algorithms will use the Fourier transform of the obtained data to reconstruct the frequencydependent refractive index and absorption coefficient for every voxel in the 3D sample space. This may then allow different materials to be identified. Figure 3 shows the reconstructed image of the target. The basic shape of the sample is visible. A plastic thin film fixing the polyethylene sheet into an "S" shape is reconstructed and resolved too.
A complex target, a piece of turkey bone, was imaged using the T-ray CT system and the amplitude of the measured THz pulses was used to reconstruct the bone (shown in Figure  5 ). It is obvious that although the outer profile has been reconstructed with reasonable accuracy, the porous internal structure is not recovered. The applicability of the T-ray CT technique is limited by two important restrictions; the THz power available and approximations made by the reconstruction algorithm. As Tray CT operates in transmission mode, it is only suitable for objects that do not attenuate or scatter the THz radiation too severely. This is a particular limitation for biomedical applications where the absorption of moist tissue is prohibitive. In addition, the current simple reconstruction algorithm does not describe the full interaction of THz radiation with complex structures and more sophisticated methods are required before strongly diffracting objects can be imaged accurately. One disadvantage of conventional time-of-flight 2D imaging is that the thickness of the sample and the refractive index cannot be independently determined and this fact makes the unique identification of different materials difficult. T-ray CT and T-ray diffraction tomography (T-ray DT) allow the full 3D refractive index profile of the sample to be identified and reconstructed and therefore overcome this limitation. T-ray CT uses focused THz beams and neglects the effects of diffraction. This limitation can be overcome by using T-ray diffraction tomography (DT). T-ray DT is a complementary technique that images the THz diffraction pattern caused by an object using two-dimensional electrooptic sampling and a CCD camera. This diffraction pattern is recorded at multiple projection angles and then used to reconstruct the three-dimensional properties of the target. It is theoretically capable of sub-wavelength resolution and near real-time 3D imaging. In summary, T-ray CT extends the potential of terahertz time-domain spectroscopy to several exciting new application areas. It is capable of reconstructing the 3D structure and the far-infrared optical properties of an object. By using the frequency dependent complex refractive index, different materials may be uniquely identified despite being hidden within other opaque structures. Applications of this technique include non-destructive mail and packaging inspection, semiconductor testing and manufacturing quality control. Tray CT also has significant potential in biomedical applications where the absorption of THz is not too extreme. 
